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ABSTRACT
The paper proposes a methodology to perform azimuth fo-
cusing of spaceborne transmitter-stationary receiver bistatic
synthetic aperture radar (SAR) data across multiple along-
track apertures to increase azimuth resolution. The procedure
uses as input several azimuth apertures (continuous groups of
range compressed pulses) from one or more satellite bursts
and comprises the following stages: azimuth antenna pattern
compensation, slow time resampling, reconstruction of miss-
ing azimuth samples between neighbouring sets of pulses us-
ing an auto-regressive model and back-projection focusing
of the resulting multi-aperture range image. The approach
is evaluated with real bistatic data acquired over an area of
Bucharest city, Romania.
Index Terms— Bistatic SAR, Focusing, Signal recon-
struction.
1. INTRODUCTION
A certain location from the ground can be usually imaged
with a monostatic spaceborne synthetic aperture radar (SAR)
sensor by exploiting the information available from one as-
cending/descending orbit. Moreover, if the operating mode
of the satellite uses multiple sub-swaths this information is
obtained only from one sub-swath per orbit. Bistatic SAR
imaging systems with a stationary receiver and a space-
borne transmitter of opportunity (e.g., TerraSAR-X [1], ERS-
2/ENVISAT [2] or GNSS [3]) open the possibility to image
the same area using data bursts belonging to multiple sub-
swaths [4, 5].
When Sentinel-1A/B operating in the terrain observa-
tion through progressive scans (TOPSAR) imaging mode is
used as transmitter of opportunity, a stationary receiver cap-
tures pulses from the burst corresponding to the sub-swath in
which the receiver is placed, and also from bursts belonging
to the other sub-swaths. In both cases, the received pulses
can be pulses that were transmitted through the main beam or
through the side lobes of the satellite’s antenna. The available
multi-burst data can be used in various ways for target char-
acterization by exploiting the enhanced azimuth diversity.
A procedure to enhance the azimuth resolution using pulses
received through the antenna’s sidelobes was presented in [4]
for a bistatic receiver that records data continuously.
This paper presents a methodology developed to increase
azimuth resolution by exploiting multi-aperture bistatic data
acquired in a spaceborne transmitter-stationary receiver con-
figuration. The procedure uses as input several continuous
groups of range compressed pulses (from one or more bursts)
and consists in the following main steps: compensation of
the azimuth antenna pattern (AAP), resampling in the slow
time domain and reconstruction of the missing azimuth sam-
ples between neighbouring groups of pulses using an auto-
regressive (AR) model. The obtained multi-aperture range
image is focused on a two-dimensional grid with a back-
projection algorithm adapted to bistatic geometry.
Compared to the method presented in [4], the procedure
proposed in this paper aims to exploit data from multiple
bursts and is designed for a trigger-based acquisition, which
reduces the memory requirements and enhances the maxi-
mum number of pulses that can be recorded. This implies
an increased total aperture length (and better azimuth resolu-
tion), but the pulses that do not reach the triggering threshold
will not be recorded and their information has to be extrapo-
lated from available data.
The rest of this paper is structured as follows. Section
II presents the developed procedure to focus multi-aperture
bistatic data, while in Section III the methodology is evalu-
ated with real data acquired with the receiver presented in [5].
The conclusions are stated in Section IV.
2. MULTI-APERTURE FOCUSING OF BISTATIC
DATA
2.1. Bistatic azimuth signal model
The envisaged bistatic geometry is shown schematically in
Fig. 1. The ground receiver has two channels -one that re-
ceives directly the transmitted pulses through an antenna ori-
ented towards the satellite (reference channel) and another
that receives the reflected signals from the illuminated scene
(typically called imaging channel). The duration of each aper-
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Fig. 1. Spaceborne transmitter-stationary receiver bistatic ge-
ometry.
ture k that illuminates the scene is denoted with Tk and its
central azimuth time with tap,k. The closest approach dis-
tances to the receiver and to a point P from the scene are R0,
and respectively, R0,P . The origin of the slow time axis cor-
responds to the closest point of approach to the receiver and
tP is the zero-Doppler time of point P. At the ground receiver
level, the range compression of each pulse is performed by
inter-correlating the baseband signal of the imaging channel
with the one of the reference channel [5], and the azimuth
bistatic signal of point P seen from aperture k can be ex-
pressed as:
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whereA is the complex amplitude, λ is the wavelength at cen-
tral frequency, v is the satellite’s velocity and pk(t) is a win-
dow centered around tap,k, which includes the effect of the
AAP. Note that sk(t) is a chirp signal in the slow time domain
with a small chirp rate (for a target placed at Rg,P = 10 km
from the ground receiver and Sentinel-1 used as transmitter of
opportunity, the bistatic chirp rate is around 30 Hz/s, which is
a few hundred times smaller than the monostatic one), so the
bistatic azimuth signal actually consists in complex exponen-
tials with slowly varying frequency (the inter-correlation with
the reference channel signal acts almost like a de-chirping in
azimuth). From the implementation point of view, the sam-
pled version of the signal sk(t) is a group of Np,k pulses ac-
quired with a certain pulse repetition interval (PRI).
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Fig. 2. Multi-aperture bistatic focusing: block diagram and
qualitative representation of intermediate signals.
2.2. Bistatic azimuth focusing
A block diagram of the procedure used to focus bistatic data
from multiple apertures is presented in Fig. 2. We consider
K groups of consecutive pulses separated by gaps of differ-
ent durations. The duration of the gap between group k and
group k+1 is denoted with Tgap,k. The PRI of each group de-
pends on the burst to which it belongs (usually we have a few
consecutive groups with the same PRI placed between groups
with different PRIs).
Due to the beam sweep in a TOPSAR mode, each aper-
ture (group of pulses) will be affected in a different way by the
AAP. Since the receive angle of the reference channel antenna
is practically constant in the entire aperture, the actual AAP
for each group of pulses is proportional to the amplitude of the
pulses received on the reference channel. Therefore the nor-
malized AAP can be estimated on the reference channel data
and the compensation can be performed by dividing the imag-
ing data with the AAP. In [4] the AAP compensation is done
with a weighing window depending on the signal-to-noise ra-
tio (SNR) in order to reduce noise amplification (however, for
large SNRs the weighing window is practically the inverse of
the AAP).
Since the apertures can be sampled with different PRIs,
all range compressed data are resampled in slow time do-
main to a common PRI. If the BP focusing algorithm is ap-
plied directly on the azimuth phase history with inter-aperture
gaps (considering as zeros the azimuth samples in between
the apertures), grating lobes will appear in the final bistatic
SAR image. To avoid this effect, the next step is to fill the
gaps between the apertures using an AR model [6].
Restoration of lost samples using AR models is typically
used for speech and music signals, and the technique is capa-
ble to reconstruct the signal in gaps of up to 100 ms [6, 7].
This method can be used to fill the inter-aperture gaps of
bistatic azimuth signals since they actually consist in a couple
of linear chirp signals with small frequency variations (quite
similar with some audio signals) that can easily be regarded
as short-term stationary signals around the gaps.
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Fig. 3. Received pulses for the acquisition performed on
07.04.2017: a) PRI (nominal and computed from the times-
tamps) and b) amplitude.
In our implementation, the samples of a gap are deter-
mined as an average of the signals predicted by two AR-
models: one estimated using the samples from the left-side of
the gap (forward prediction) and another based on the samples
from the right-side of the gap (backward prediction). This
approach lessens the short-term stationarity requirements im-
posed to the signal [6]. The order of the model is chosen such
that it minimizes the Akaike information criterion over the
remaining samples [8].
3. EXPERIMENTAL EVALUATION
This section presents an evaluation of the proposed multi-
aperture focusing procedure with a bistatic acquisition per-
formed on 07.04.2017 over an area of Bucharest city, Ro-
mania, with the ground receiver being placed on top of the
rectorate building of University Politehnica of Bucharest and
the Sentinel-1B satellite flying on an ascending orbit. The
implementation details of the ground receiver are presented
in [5]. The PRI and amplitude of the received pulses versus
slow time are shown in Fig. 3. Fig. 3(a) displays the nominal
PRI for each sub-swath and the PRI computed as difference
between consecutive GPS timestamps stored by the ground
receiver, whereas Fig. 3(b) shows the amplitude of each re-
ceived pulse. The maximum amplitude is obtained for the
burst from sub-swath 2 (with 689 us PRI), but there are also
pulses received from bursts belonging to sub-swaths 1 and 3.
3.1. Signal reconstruction assessment
In this subsection we assess the impact of the AR-based signal
reconstruction on the focused image. In this regard, we con-
sider only the main beam of the azimuth signal (between -0.21
s and 0.11 s slow time) and artificially introduce gaps of dif-
ferent sizes in the middle of the lobe. The multi-aperture fo-
cusing procedure is applied on the resulting signal (two aper-
tures with one continuous gap in between) with and without
the signal reconstruction stage. The focused bistatic images
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Fig. 5. Comparison between multi-aperture focusing
with/without azimuth signal reconstruction and the reference
image: RMSE of (a) amplitude and (b) phase.
are compared with the reference one obtained without any
gap (classical focusing). The grid used in the BP algorithm
is aligned with the latitude/longitude axis and its origin is the
receiver’s position.
Fig. 4(a) presents the reference image, Fig. 4(b) dis-
plays the focused image with zero-filled gaps, while Fig. 4(c)
shows the focused image after AR model-based gap filling
for a 50 ms gap duration. In Fig. 5 we present the root mean
squared error (RMSE) of the amplitude and phase of the tar-
gets with normalized amplitude (to the most reflective target
in the scene) above -20 dB. Note that without azimuth signal
reconstruction there are several grating lobes that affect the
image and the phase is quite biased. After gap filling the ob-
tained image resembles the reference one, with the exception
of a few sidelobes. Additionally, the phase error of highly re-
flective targets for a gap duration below 0.1 s is around a few
degrees.
3.2. Resolution enhancement
To emphasis the azimuth resolution enhancement that can be
obtained by multi-aperture focusing we applied the procedure
on the azimuth signal shown in Fig. 3 for the groups of con-
secutive pulses between -1.02 s to 0.76 s. In this interval,
the maximum gap size is below 0.1 s. The resulting multi-
aperture bistatic SAR image (Fig. 6(a)) is focused on the same
grid as the single-aperture image shown in Fig. 4(a).
Fig. 6(b) and Fig. 6(c) present the single-aperture bistatic
image, and respectively, the multi-aperture bistatic image of a
high-rise building overlaid on a Google Earth picture. Based
on the main response of the building, the measured -6 dB res-
olution for the single-aperture image is 34.2 m, while for the
multi-aperture one is 6.8 m.
Besides the drawback of a few focusing artifacts (that
yield a measured peak to sidelobe ratio (PSLR) of around
26 dB), in the multi-aperture image the scattering centers are
much more clearly highlighted than in the single-aperture
case.
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Fig. 4. Azimuth signal reconstruction assessment in multi-aperture focusing for an artificially introduced gap of 50 ms: (a)
reference image, (b) focused image with the gap filled with zeros and (c) focused image with AR model-based filled gap.
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Fig. 6. Resolution enhancement with multi-aperture focusing:
a) high-resolution multi-aperture focused bistatic SAR image;
single-aperture (b) and multi-aperture (c) images of a high-
rise building overlaid on Google Earth.
4. CONCLUSIONS
This paper presented a methodology to focus spaceborne
transmitter-stationary receiver bistatic data that span several
along-track apertures with gaps in between. The possibility
to increase the azimuth resolution using the proposed pro-
cedure was shown on a dataset acquired with Sentinel-1B
operating in TOPSAR mode as transmitter of opportunity.
The method can be further developed and future work will
include: validation on scenes with richer information con-
tent, detailed characterization of the AR model-based bistatic
azimuth signal reconstruction performances and evaluation
of other signal reconstruction techniques (e.g., in [9] neural
networks replace the AR model for audio inpainting).
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